The response of cultured human nasal epithelia to hypertonic bathing solutions was tested using ion-selective microelectrode and quantitative microscopy. Raised luminal, but not serosal, osmolality (±150 mM mannitol) decreased Na' absorption but did not induce Cl-secretion. Raised luminal osmolality increased cell Cl-activity, Na' activity, and transepithelial resistance and decreased both apical and basolateral membrane potentials and the fractional resistance of the apical membrane; equivalent circuit analysis revealed increases in apical, basolateral, and shunt resistances. Prolonged exposure (10 min) to 430 mosM luminal solution elicited no regulation of any parameter. Optical measurements revealed a reduction in the thickness of preparations only in response to luminal hypertonic solutions. We conclude that (a) airway epithelial cells exhibit asymmetric water transport properties, with the apical membrane water permeability exceeding that of the basolateral membrane; (b) the cellular response to volume loss is a deactivation of the basolateral membrane K+ conductance and the apical membrane Cl-conductance; (c) luminal hypertonicity slows the rate of Na' absorption but does not induce Cl-secretion; and (d) cell volume loss increases the resistance of the paracellular path. We speculate that these properties configure human nasal epithelium to behave as an osmotic sensor, transducing information about luminal solutions to the airway wall. (J. Clin. Invest. 1994. 94:779-787.)
Introduction
Pulmonary airway surfaces are covered by a thin jLm) film of liquid that is thought to be important for lung defense (1, 2) . A number of recent studies have indicated that the volume and composition of this liquid layer is regulated by the superficial epithelium that lines the conducting airways (3) (4) (5) . Although a comprehensive description of the metabolism of sur-face liquids encompassing all regions of the lung has not been developed, studies of proximal airway epithelia indicate that absorption of salt by active and perhaps passive mechanisms constitutes the major basal ion flow (5) . The requirement for absorption probably arises from the volume load imposed upon this region by the axial movement of liquids transported by the mucociliary clearance system from distal lung regions of large aggregate surface area to proximal airway surfaces of much smaller surface area.
There are likely conditions under which water evaporates from proximal airway surfaces into poorly conditioned inspired air (6, 7) . Evaporative water loss in excess of replenishment in the proximal airways cools airway surfaces and raises the osmolality of airway surface liquids (8, 9) . Recent attention has focused on these effects in man because of observations that exercise-induced asthma appears to be triggered by the inspiration of cool, dry air (8) . Current evidence differs with regard to whether cooling or osmolality is the trigger for bronchoconstriction (10) . Consequently, because of increasing interest in the role of the epithelium in controlling bronchomotor tone and particularly because of the potential importance of the interaction between hypertonic solutions and airway epithelial function, we have investigated the effects of raising the osmolality of the solutions bathing airway epithelia in vitro. To facilitate the analysis of the effects of increased osmolality alone, initial studies were performed using the noncharged molecule mannitol as the added solute. To test whether the effects noted with mannitol were pertinent to in vivo conditions, subsequent experiments were performed in which NaCl was the solute used to raise osmolality. Because of increased availability of tissues and because the function of primary cultures closely mimics that of the intact tissue (11) (12) (13) (14) , we elected to perform these studies with primary cultures derived from human nasal epithelium.
Methods
Tissue specimens. Nasal specimens were obtained from 17 subjects, mean age 37±8 y; 10 males, 7 females. These specimens were typically removed under general anesthesia, for sleep apnea syndromes and nasal reconstruction. The use of these tissues for research was approved by the University of North Carolina Committee for the Protection of the Rights of Human Subjects.
Tissue culture. Culture procedures have been described in detail elsewhere (15) . In brief, cells were detached from freshly resected specimens by incubation at 40C in modified Eagle's medium (MEM) containing 0.1% Protease 14 (Sigma Chemical Co., St. Louis, MO) and 100 Mg/ml DNAase (Sigma Chemical Co.). Cells were isolated after 24-48 h by centrifugation (800 g), protease neutralized (10% FBS), after which the cells were washed twice in MEM and suspended in a base medium (Ham's F-12) that contained seven hormones and growth factors as described previously (15). Cells (3 x 105 in 25 Al media) were plated onto substrata affixed to polycarbonate cups housed in sixwell containers (Costar, Cambridge, MA) containing media in both the basal and apical compartments. For microelectrode studies, the substratum was a polymerized collagen sheet; for optical studies, it was a Falcon Cyclopore membrane (Becton Dickinson, Lincoln Park, NJ). After 16 h in the tissue culture incubator (Queue Systems, Inc., Parkersburg, WV) exposed to 5% CO2 air at 37TC, the nonadherent cells were removed by washing. The cells were fed daily for 5 d with F-12 supplemented with seven hormones/growth factor media (F12-7X), after which they were fed with F12-7X supplemented (1:1) with 3T3 cell conditioned media (MEM) containing 2% FBS. The cells were monitored daily by phase contrast microscopy (Nikon, Tokyo, Japan) and by measurement of the transepithelial potential difference (V,) using calomel electrodes interfaced to an electrometer (WPI EVO-M, Sarasota, FL). Cell preparations were routinely studied within 1-2 d of the development of the maximal V,.'
Solutions and drugs. D-mannitol (Sigma Chemical Co.) and ["4C]-mannitol (New England Nuclear, Boston, MA) were used. Amiloride was a gift from Merck, Sharpe, and Dohme (West Point, PA). For microelectrode studies, a standard KBR was used (12); for optical studies a TES-buffered Ringer (TBR) was used (16) . Transepithelial and intracellular measurements. For microelectrode studies, tissue culture cups were placed in a modified Ussing chamber that permitted perfusion (peristaltic pump model 97; LKB Instruments Inc., Bromma, Sweden) of the luminal and serosal sides of the culture with gassed (95% 02-5% C02) and warmed (37TC) KBR solution (pH = 7). Remote-controlled magnetic valves were used to switch solutions in the luminal and serosal compartments. The volume of the luminal and serosal bathing solutions was 0.6 ml and the flow rate was 5 ml/ min. Direct measurements of the rate changes in solution composition in each compartment showed that a complete solution change was effected within 30-60 s. The transepithelial potential (V,) across the cell layer was measured via 3 M KCl-agar bridges positioned within 2 mm of the epithelial surface, which were connected by calomel electrodes (Radiometer, Copenhagen, Denmark) to a high impedance voltmeter (WPI FD223). The luminal bath served as common ground for both the macroelectrode and microelectrode systems. Transepithelial current pulses were passed across the epithelial sheet via 3 M KCl-agar bridges connected by a pair of Ag/AgCl electrodes to a stimulus isolation unit (model 305 WPI). The isolation unit was connected to a stimulus generator (Anapulse Stimulator, WPI) configured to pass 0.5 s current (I) pulses (1-10 /amp) every 6 s. The total transepithelial resistance (R,) was calculated from the current induced reflections in V, as Rt =AVt/ I. Equivalent short circuit current (eq) was calculated as I= Vt/JR.
Because the transepithelial current voltage relationships are linear and time independent in the physiologic range of potentials, the Ieq accurately estimates the true short circuit current.
Microelectrodes. The intracellular Na+ (acNa) and Cl-activities (acCl)
were measured with double-barreled ion-selective microelectrodes. As previously described (12, 13) , these electrodes were constructed from borosilicate glass capillaries (reference barrel, 1.2 mm outer diameter; ion-selective barrel, 1.5 mm outer diameter) that were glued together with epoxy (Araldit, Copenhagen, Denmark) and pulled on a horizontal puller (PD-5; Narishige, Tokyo, Japan). The ion-selective barrel was exposed to dichlorodimethylsilane vapor for 8-15 s and heated for 1 h at 100°C. The tip of the ion-selective barrel was backfilled with either a neutral Na+ ionophore (Na+ cocktail A [71176] Fluka AG, Buchs, Switzerland] or Cl-ion exchanger (477913; Corning, Medfield, MA) and the reference barrel was backfilled with 0.5 M Na2SO4 or 3 M KCl.
1. Abbreviations used in this paper: ac , intracellular Na+ activity; aCCl, intracellular Cl-activity; Em, membrane electromotive force; fRa, fractional resistance of the apical membrane; I, applied transepithelial constant current; Ieq. equivalent short-circuit current; KBR, Krebs bicarbonate Ringer; PaCl, apical membrane Cl-permeability; PaNa, apical membrane Na+ permeability; Ra, apical membrane resistance; Rb, basolateral membrane resistance; Rs, shunt pathway resistance; R., transepithelial resistance; TBR, TES-buffered Ringer; Va, apical membrane potential difference; V, transepithelial potential difference; Vx, ion-selective microelectrode voltage signal.
The sensitivity of the electrodes was determined before and after each experiment by recording the voltage shift measured by the ion-selective barrel in response to a 10-fold change in ion concentration in constant ionic strength calibration solutions. The average sensitivity for CF-selective electrodes was -51±2 mV/decade increase in Cl-activity at 230C, and the sensitivity for the Na' electrodes was 56 mV/decade increase in Na' activity (230C). The average resistance of the reference barrels was 90+10 MOhm (n = 55). The response time (90% of full response) for the Cl-selective electrodes was < 2 s whereas the response for the Na' selective electrodes was < 10 s. Other characteristics and the selectivity coefficients for these electrodes have been published previously (12, 13) .
Intracellular measurements. The barrels of the microelectrode were connected to high impedance electrometers for measurement of the reference (WPI N-707A) and ion-selective signals (WPI FD233), respectively. The apical membrane potential (Va), the ion-selective electrode signal (V,), and V, were recorded on a four-channel recorder (model 7045; Linseis, Inc., Princeton Junction, NJ). All impalements were performed perpendicular to the surface of the cell cultures with a remotecontrolled hydraulic micromanipulator (MO-103; Narishige). where Ra and Rb are the resistances of the apical and basolateral membranes, respectively.
Intracellular ion activities were calculated as follows:
where aox is the activity of the ion (x) in KBR (Na' 104 mM; Cl-89 mM), assuming activity coefficients of 0.75; Vref is the signal from the reference electrode; A(V. -Vef) the change in V, -Vref upon impalement, and S is the sensitivity as defined above.
The criteria for successful impalements were similar to those previously described (12, 13) : (a) an instantaneous deflection in the potential sensed by the reference electrode coupled with the appearance of deflections in the signals in response to transepithelial current pulses; (b) the potential recorded by the ion-selective barrel should be stable within 2 or 10 s for C1-and Na+ electrodes, respectively; (c) both the reference and the ion-selective signals should (10-4 M) . This protocol was performed using both Na'-and Cl--sensitive microelectrodes. In a final series of experiments, the effects of 150 mosM added NaCi to the luminal and serosal baths over a 10-min interval was measured with Cl--selective microelectrodes.
['4C]Mannitol permeability measurements. Radiolabeled mannitol has been used previously to measure the permeability of the paracellular path in airway epithelia (17) . For these measurements, tissue culture cups were placed in modified Ussing flux chambers as described in detail previously (12) . ['4C]Mannitol (10 uCi/chamber) were added to either the luminal or basolateral compartments (6 ml). The sink and source solutions were sampled (1 and 0.05 ml, respectively) every 10 min for four intervals, after which the luminal solution osmolality was raised to 430 mosM by the addition of 150 mosM of unlabeled mannitol.
['4C]Mannitol permeation was measured for an additional four 10-min intervals. After addition of scintillant the samples were counted for 14C radioactivity in a liquid scintillation spectrometer and mannitol permeabilities were calculated as previously described (17) .
Epithelial thickness measurements. Because the plasma membrane of living cultured cells is difficult to visualize, even by Nomarski optics, it was impossible to determine cell volume from a reconstruction of cells from optical sections of the cultures (16, 18) . Thus, the effects of increased osmolality on cell volume were instead estimated by measuring the thickness of the epithelium over time (19) , using physical markers of the luminal and basal barriers of the culture. The 0.4-pim pores in the Cyclopore substratum served to mark the basal plane of the cultures. The luminal surface was labeled by the spontaneous attachment of 1-tsm microbeads during a 30-40-min incubation of cultures with a suspension of Fluoresbrite latex beads (Polysciences, Inc., Warrington, PA). The labeled cultures were mounted in an Ussing chamber modified for microscopy (20) and perfused continuously on both sides by a perfusion system that delivered a new solution to the tissue in 20-40 s. The stage of the microscope and the perfusion system were housed in a temperature-controlled box maintained at 36-37°C. The tissues were viewed with a Zeiss IM microscope equipped with differential interference contrast (Nomarski) and epifluorescence optics, using a Zeiss Neofluar 100/1.3 N.A. objective and a 1.4 N.A. condenser. To avoid the problems associated with precisely locating objects in the z-axis in fluorescence microscopy (21), the luminal beads were imaged with DIC optics; fluorescence microscopy was used only to locate and identify luminal beads. A stepper motor mounted on the coarse focus of the microscope was used to focus the microscope through the tissue in 1.0-Mm steps at 15 steps/s, under computer control and in synchrony with the video system. The optical image was monitored with a video camera (Dage 72 CCD; Dage-MTI Inc., Michigan City, IN) whose output was modified by an image processing system to contain identifying, alphanumeric information. During a z-axis scan, the distance from the starting point at the apical membrane was written in real-time by the computer into the video signal and the signal was recorded on S-VHS video tape (BV-1000; Mitsubishi). After an experiment, video records were analyzed on a frame-by-frame basis, and epithelial thickness was determined for each z-axis scan by reading the focal plane displacement from the video record at the point where a pore marking the substratum first came into sharp focus. The time course of the experiment was unknown to the person analyzing the videotape records to ensure an unbiased data set.
To check that the Cyclopore substratum has a water permeability greater than that likely for the basolateral membrane of the epithelial cells, the osmotic permeabilities of two filters were determined.
Transfilter water flows under a 30-cm hydrostatic pressure head yielded hydraulic conductivities of 0.043 and 0.047 cm s-' atm-'. Expressed as equivalent osmotic permeabilities, the values of 57.6 and 64.0 cm s-'are more than three orders of magnitude higher than the PO.m of Necturus gallbladder apical and basolateral membranes (18) . Because the gallbladder possesses the highest membrane osmotic permeabilities known for sheet epithelia and the filters are > 1,000 times more permeable, it is highly likely that the rate-limiting step for water flow from the serosal compartment into the nasal epithelial cells is the basolateral membrane and not the substratum.
The protocol used for these experiments paralleled those used for bioelectric measurements. Baseline epithelial thickness was determined 'mM/L) (280 mosM, P < 0.05).
in cultures exposed to TBR on both sides. Further measurements were then made at 30-or 60-s intervals as luminal and/or serosal solution osmolality was increased by adding 150 mM mannitol or returned to isotonic conditions by its removal.
Statistical analyses. Data are reported as the mean±SE. Differences between means were tested with a paired t test, generally between the mean of all control points and each subsequent measurement. The paired differences reported between any other means are stated explicitly in Figures and Tables. Differences were considered significant at the P . 0.05 level. Only one culture per donor was used in an experiment; thus, the number of observations (n) represents the number of individuals.
Results
Dose effect relationships between luminal osmolality and cellular electrical responses. The effects of increasing concentrations of mannitol in the luminal bath on transepithelial and intracellular parameters of human nasal epithelial cultures are depicted in Fig. 1 Effect ofraised luminal solution osmolality (150 mosM mannitol). The effects of luminal hypertonicity on airway epithelia over a prolonged time period were examined. The basal (KBR) transepithelial and intracellular parameters shown in Fig. 2 A are similar to those for normal human nasal epithelia reported previously (12, 15 No evidence of compensation (i.e., cell volume regulation) in transepithelial or intracellular bioelectric or ion activity parameters was detected over the 10-min exposure to luminal hypertonicity. The effects of raised osmolality were rapidly reversible. Similar effects were noted when sucrose was used as the solute rather than mannitol (not shown). Identical electrical responses were observed when measurements were made with Na+-selective electrodes (Fig. 2 B) . These experiments showed that intracellular Na+ activity rose from 20.3 to 36 mM during the course of mannitol superfusion.
No backregulation of acNa towards control values was observed during mannitol administration. Exposure ofbasolateral membrane to raised osmolality (150 mosM mannitol). In marked contrast to luminal challenges, no responses were seen in dose-effect relationships between serosal osmolality and culture bioelectric properties. Fig. 3 shows the data obtained from a 10-min exposure of the serosal surface to a solution of KBR plus 150 mosMI mannitol. Despite the prolonged exposure, no transepithelial or cellular bioelectric effects were detected and no changes in acci were noted.
Effect of raised luminal osmolality (150 mosM NaCI). The effects of increasing luminal osmolality by 150 mosM with added NaCl (Fig. 4) were qualitatively similar to the effects observed with added mannitol, but the effects on bioelectric parameters were generally lower in magnitude. Thus, as with raised mannitol, adding 75 mM NaCl luminally caused an increase in Rt and a decrease in ,,q a decrease infRa, and depolarization of both Va and Vb. The maneuver also caused an increase in acci. During the 10-min exposure to increased luminal NaCl, there was no tendency in any of the observed parameters to return toward their baseline values.
Increasing serosal osmolality by adding 75 mM NaCl to KBR had no effect on the bioelectric properties of the cultures nor were there any effects on accl (data not shown).
Effect of amiloride block of apical membrane Na+ conductance during luminal hypertonicity. The effects of the Na+ channel blocker amiloride on human nasal airway epithelia before and during exposure to 150 mosM of mannitol in the luminal solution are shown in Fig. 5 (Fig. 4) . In a second series of studies, the same sequence of amiloride before and after mannitol was administered to human airway epithelia and the intracellular response was recorded with intra- cellular Na'-selective electrodes. As shown in Fig. 6 , the response in transepithelial and intracellular bioelectric parameters to amiloride and mannitol were similar to those shown in Fig.   5 . As previously reported (13), intracellular Na' activity does not decrease after amiloride exposure alone; Fig. 6 shows that amiloride also had no effect when acNa was elevated by luminal hypertonicity. Because luminal mannitol hypertonicity alone reduced Ieq (-14%), the magnitude of the reduction in IZq caused by amiloride addition was less, relative to its effects observed under isotonic conditions. The smaller I4q in the presence of mannitol may therefore reflect a slower rate of Na' absorption, which could reflect either a decrease in the apical membrane Na' permeability, a decrease in the electrochemical driving force for Na' entry, or inhibition of Na'-K' ATPase activity. Because acNa rises and Va depolarizes in response to luminal hypertonicity, the electrochemical driving force for Na' absorption decreases. Amiloride does not lower intracellular Na' during luminal mannitol hypertonicity, in contrast to its effects on aCci under the same conditions.
Model calculations with luminal mannitol hypertonicity. The effects of luminal mannitol hypertonicity on the ion permeabilities, membrane and shunt resistances, and transmembrane electromotive forces (Em) of the epithelial cultures were calculated as previously described (11) . The assumptions for these calculations are that Na' and Cl-are the two major ions carrying charge across the apical membrane and that amiloride effectively reduces the Na' conductance to zero. Bioelectric parame- Figure 4 . Effects of NaCl as the osmotic agent in a luminal hypertonic challenge (+ 150 mosM). At time 0, an additional 75 mM NaCl was added to KBR. Each point is the mean±SEM (n = 6) and asterisks indicate values significantly different from KBR alone (P < 0.05); + indicates significant (P < 0.05) changes from 10-min time point with added NaCl. See Fig. 1 for units. ters from the experiment shown in Figs. 5 and 6 were summarized (Table I ) and the derived parameters are shown in Table  II . The parameters determined for baseline conditions and amiloride exposure are similar to those previously reported (11 luminal osmolality, the mannitol permeability decreased to value of 0.54±0.21 X 10' cm s-' (P < 0.05; n = 6). Proportionate reductions in mannitol permeability were detected regardless of flux direction. Cell volume. The effects of luminal hypertonicity (TBR + 150 mM mannitol) on epithelial thickness were rapid and reversible ( Fig. 7) : the thickness of the cultures decreased by 32±5.2% to a new steady state in -1 min from a mean starting thickness of 29.3±4.3 1mm (Table HI) . The predicted change for a ideal osmometer, which changes volume solely through a change in height, is -34.9%. Because this value is not different from the observed change in epithelial thickness, the cells in the epithelial cultures probably do not collapse laterally, but shrink solely through a loss of cell height. After the initial shrinkage, epithelial thickness was stable throughout the 15-min luminal hypertonic exposure, and it then rapidly returned to the original thickness upon return to isotonic TBR.
In contrast to luminal hypertonicity, increasing serosal solution osmolality had no effect on epithelial thickness (Fig. 7) : after 5 min of serosal hypertonicity, the thickness of the epithelium changed < 1% from its control value (Table Ill) . When, during serosal hypertonic exposure, luminal osmolality was again elevated, the epithelium again decreased in thickness, and it returned to control levels when isotonic conditions were restored (Fig. 7) .
Discussion
The major finding of these studies is the evidence for the asymmetric response of human airway epithelia to changes in bathing solution osmolality. We note that these findings differ from observations with techniques using tissue fixation in canine trachea that cell shrinkage could only be induced by basal hypertonicity (22) . In this study with living cells, independent techniques (Tables I and IE) indicate that human nasal epithelia shrink in response to raised luminal but not serosal solution osmolality. Thus, under resting conditions, the apical membrane of human nasal airway cells is more permeable to water than the basolateral membrane. This finding is unique among epithelia from humans and other species. In other epithelia, either both cell membranes have high osmotic permeabilities, as in gallbladder (23) , or, as in distal collecting duct, the apical membrane has a low osmotic permeability under resting conditions but becomes very permeable under the influence of antidiuretic hormone (24) . The rate of change in epithelial thickness in cultures of airway epithelial cells was too rapid with luminal hyperosmolality (Fig 7) to assign an absolute osmotic perme- ability to the apical cell membrane. Thus, until the time resolution of the measurement can be increased appropriately, we can state only that the apical membrane is the more permeable. Although the basolateral membrane osmotic permeability is low relative to that of the apical membrane, it is unlikely to be low in absolute terms, since the epithelium is thought to transport fluid (25) . The asymmetric responses in cell volume induced by changes in osmolality were accompanied by specific responses in bioelectric parameters and in cellular ion activities. Several technical considerations can be used to argue that the asymmetry in the responses to raised osmolality reflect the unique properties of human airway epithelia and do not result from differences in mixing or unstirred layers in the serosal compartment. Because the volumes and superfusion rates of the two compartments in the chamber used for electrophysiology were similar, the mixing times in the luminal and basolateral surfaces were nominally equal. Whereas the substrata to which the basolateral surface of the epithelial cells are attached may constitute a finite layer to solute permeation, this barrier would appear small based on previous studies. For example, the effects of increases in solution K+ concentrations (26) or reductions in solution Cl-concentrations (12) were sensed within 10 s of solution shifts. Similarly, studies of drug addition also have documented drug access to the basolateral barrier within the same time frame (13) . Finally, the Cyclopore substrata used for the epithelial thickness experiments had measured hydraulic conductivities several orders of magnitude higher than epithelial cell membranes (see Methods). Thus, it is unlikely that unstirred layer or mixing artifacts can account for our findings.
The degree of the hyperosmotic challenge employed in these in vitro studies (+ 150 mosM) was selected to pertain to in vivo physiological conditions. For example, in studies of anesthetized dogs where airway surface liquid osmolality was directly measured, exposure to poorly conditioned air raised airway surface liquid osmolalities to a range between 430 and 480 mosM (6, 7) . Thus, the concentration selected for most of these studies reported here (430 mosM) has been observed in vivo. In addition, the response to increased osmolalities were monotonic to increasing hypertonicity (Fig. 1) , indicating that these findings are relevant to a range of in vivo conditions. Finally, it does not appear that the stimulus used was deleterious, as complete recovery occurred within a short time frame.
The rate of active ion transport as indexed by Ieq diminishes in response to luminal hypertonicity. Previous isotope flux studies (13) and the sensitivity of the Ieq to the Na+ channel blocker, amiloride (Fig. 6) , indicates that the basal Ieq in normal human nasal epithelia is a Na+ absorptive current. The sensitivity of Ieq to amiloride during luminal mannitol exposure indicates that Na+ transport persists during hypertonicity; thus, the decrease in Ieq induced by luminal hypertonicity probably indicates that the rate of Na+ transport is reduced. There is no evidence to suggest that Cl-secretory activity is increased in response to raised luminal osmolality. Indeed, the amiloride insensitive current, an index of Cl-secretory capacity, appears to be reduced by luminal osmolality (Figs. 5 and 6 ).
The decrease in the rate of Na+ absorption induced by raised luminal osmolality would appear to be due to several factors. The major factor is a decrease in the electrochemical driving force for Na+ entry caused both by a depolarization of the apical membrane and by an increase in acNa. The combination of a decrease in Ieq with an increased acNa indicates that Na+-K+ -ATPase activity is also reduced by raised luminal osmolality. As shown in Table II , the calculated apical membrane Na+ permeability (PaNa) is regulated in the downward direction only slightly, indicating that this regulation is a minor contributor to Figure 7 . Effects of luminal or basolateral hypertonicity on the thickness of a cultured human airway epithelium. The epithelium was optically sectioned at 1-pm intervals at each time point, and the thickness was determined from video tape records as the displacement necessary to focus from the apical membrane, marked by 1-pm beads, to the surface of the substratum. The osmolality of the luminal and basolateral bathing solutions was increased as indicated by the addition of mannitol (150 mM).
the decrease observed in Iq and that the major effect may be on the Na'-K+-ATPase. The major intracellular response induced by luminal hypertonicity is depolarization of both the apical and basolateral membrane potentials. With regard to the apical membrane, its electromotive force, Ea, became slightly more positive. Because of the increases in a,' and acNa, the respective equilibrium potentials, Ea1 and ENa, change: EcI shifts to a value closer to zero from --20 mV; ENa shifts closer to zero from a value of +40 mV. The observation that Ea shifts in the positive direction reflects in part the fact that PaCl decreases substantially, whereas paNa decreases little, thus shifting the relative contributions of Ec1 and ENa to Ea.
The decreases in the apical membrane ionic permeabilities and an expected increase in acK in response to cell shrinkage should cause the cell potential to shift closer to the K+ equilibrium potential and thereby hyperpolarize the cell. The observation that the cell instead depolarized, including a major depolarization of the basolateral membrane (Vb), indicates that the basolateral K+ conductance is deactivated in response to luminal hypertonicity and that this may be the dominant cellular response. This notion is supported by the fact that fla decreases significantly during luminal hypertonicity, i.e., the fractional resistance of the basolateral membrane (JRb) increased. In fact, Table II shows that this increase in R, is due to substantial increases in both the shunt (Rj) and cellular (Ra + Rb) resistances. It is likely that the shunt pathway in the human nasal epithelial preparation (R.) is the paracellular path. Second, to test directly whether an increase in resistance to solute flow through the paracellular path occurred in response to luminal hypertonicity, we measured its permeability with an independent method. The observation that the permeability of radiolabeled mannitol, a marker used extensively to estimate permeability of the paracellular path in airway epithelia, was reduced by 50% (from 1.03 to 0.54 X 10-7 cm s-) in response to luminal hypertonicity provides direct evidence that the overall permeability of the paracellular path was decreased. The mechanism of decreased permeability in an epithelium that is shrinking may be the collapse of the lateral intercellular spaces as the thickness of the epithelium decreases (Table III) . This collapse may relate directly to our observations made optically that the cells lose volume solely through a decrease in height (Fig. 7) .
The measured responses of airway epithelia to luminal hypertonicity yield insights into the mechanism(s) by which airway epithelia respond to this type of challenge. First, it appears from the microelectrode and transepithelial bioelectric data that the airway epithelium does not compensate for raised luminal hypertonicity by inducing fluid secretion through activation of an active Cl-secretory current. The observed decrease in the rate of Na' absorption probably reflects only a modest compensation in the active ion transport path for the smaller water volume in ASL. However, an epithelium with a luminal membrane that is water permeable permits an acute passive compensation to occur when water moves from the cell across the apical membrane to the hypertonic luminal compartment, thereby "buffering" shifts in luminal osmolality. The fact that the relative heights of these two compartments, i.e., the cell and ASL layer, are relatively similar in vivo (-25 ym [1, 2] ) may suggest that this shift in water from the cellular to the luminal compartment is of physiological importance.
Perhaps more important, however, the fact that the luminal membrane is more water permeable than the basolateral membrane may allow the nasal airways epithelium to be configured as an osmometer to sense changes in luminal airway surface liquid osmolality and potentially effect longer-term, definitive organ-level compensations. Namely, as the ASL becomes hyperosmotic the epithelium will shrink proportionately. Thus, changes in airway surface liquids that may occur during such stimuli as rapidly breathing poorly conditioned air will be reflected in changes in epithelial cell volume. Given the fact that an osmotic driving force already exists for water flow across the airway epithelium, an appropriate response might be to increase water (blood) flow to the superficial airway wall to deliver water passively into ASL. Previous studies in animals have shown directly that mucosal blood flow in the trachea is increased in response to maneuvers that raise luminal osmolality (31, 32) . We speculate that the vasculature responds to mediators liberated by volume-depleted epithelial cells. The nature of signals between epithelium and blood vessels may have implications for understanding the anomalous response to raised luminal toxicity that characterizes patients with reactive airways disease.
